The influence of Arctic sea ice concentration (SIC) on the inter-annual variations of the frequency of summertime Ural blocking (UB) during the period of 1980-2013 is investigated using observational and reanalysis data sets and version 5.0 of the Community Atmospheric Model. The results reveal that the variations in the UB frequency display a statistically significant association with a persistent spring-summer SIC pattern in the Barents Sea. Related to high UB frequencies, heavy SICs exert a dynamic influence by increasing the meridional temperature gradient (MTG) in the lower troposphere and cause stronger (weaker) zonal winds in high-latitude (mid-latitude) areas through the thermal wind balance. This zonal wind pattern establishes the background conditions for the blocking activity and thus helps to initiate summertime UB events. Moreover, persistent heavy SICs tend to enhance the low-level atmospheric baroclinicity to the south and decreases in mid-latitude areas, inducing weakened synoptic-scale transient eddy activity (STEA) that stretches from eastern Europe to the Ural Mountains. This reduced STEA is accompanied by a locally intensified eddy-vorticity forcing that may exert a downstream influence on the onset of UB events. In terms of thermodynamic processes, heavy SICs-induced water vapour content anomalies are expected to cause deficits in precipitation over the East European Plateau in late spring and subsequently desiccate the underlying soil. Both of these effects are expected to increase surface heat fluxes and thickness of the lower-middle troposphere, thus favouring anomalous anticyclonic circulation over the Ural Mountains. On the other hand, the opposite dynamic and thermodynamic effects are expected to result from light SICs with respect to low UB frequencies. Therefore, these two effects identified in this study each contribute to an increased probability of more frequent (rare) UB events in summer as the spring-summer sea ice within the regions surrounding the Barents Sea expands (disappears).
China; thus, these processes strongly affect a significant part of the population of China (Tao, 1980; Zhang and Tao, 1998; Wang and Gu, 2016) . Therefore, it is essential to better understand the inter-annual variations in Ural blocking (UB) activity during the summer and the associated mechanisms that produce changes in this blocking.
Over the past several decades, the overall Arctic sea ice extent and concentration undergone rapid declines, particularly in summer and autumn; these declines are argued to represent the effects of Arctic amplification and have a strong influence on the occurrence of extreme climate events in winter, such as cold spells and blocking events in midlatitude regions (Tang et al., 2014; Simmonds, 2015) . Moreover, the inter-annual variability in Arctic sea ice has also been found to play an important role in driving extreme weather events in mid-latitude regions (Honda et al., 2009; Luo et al., 2016a) . Therefore, this study examines the impacts of Arctic sea ice on UB activity.
The wintertime responses of atmospheric circulation to changes in Arctic sea ice in autumn and winter have been extensively examined in both observational and modelling analysis (Petoukhov and Semenov, 2010; Li and Wang, 2012; Liu et al., 2012; Tang et al., 2013; Luo et al., 2016a; . A variety of circulation changes have been identified, such as the occurrence of the warm Arctic-cold Eurasia pattern (Liu et al., 2012; Tang et al., 2013; Mori et al., 2014; Luo et al., 2016a) , the negative phase of the winter North Atlantic Oscillation (Jaiser et al., 2012; Liu et al., 2012; Luo et al., 2016b) , and mid-latitude teleconnections (Dethloff et al., 2006; Wu et al., 2009a; Liu et al., 2014) . In addition, changes in the Arctic may also exert an influence on UB through propagation of the North Atlantic-Eurasian wave train (Wu et al., 1999; Dethloff et al., 2006; Liu and Alexander, 2007; Liu et al., 2014; Sato et al., 2014; Simmonds and Govekar, 2014; Wang and Chen, 2014; Woollings et al., 2014; Sun et al., 2016a) and the eddy-driven mid-latitude jet stream anomaly over the North Atlantic (Deser et al., 2007; Cheung and Zhou, 2015) . For example, Murray and Simmonds (1995) and Tang et al. (2013) suggested that losses of Arctic sea ice would lead to a decrease in the surface meridional temperature gradient (MTG) between the mid-latitude and polar regions and weakened upper-level zonal winds, which they interpreted as favouring the persistence of extreme events. Recently, Yao et al. (2017) further noted that the mid-latitude mean westerly would weaken, increasing the quasi-stationarity and persistence of UB under Arctic warming. However, Screen et al. (2013a; 2013b) , Mori et al. (2014) , and Sun et al. (2016b) have argued that the remote responses in winter are relatively small relative to the internal variability, whereas the responses in summer are reasonably large (Petrie et al., 2015) .
Compared with the research findings mentioned above that address the winter season, the impact of Arctic sea ice declines on mid-latitude circulation patterns in summer has received less attention and is thus not well understood. A few studies, such as Wu et al. (2013) , have suggested that the retreat of sea ice from winter to the following spring in the western Greenland Sea may represent a potential precursor of anomalous summer circulation over northern Eurasia associated with a high-pressure ridge around the Ural Mountains. Using numerical experiments, Petrie et al. (2015) found that the anomalous response of the summer EuroAtlantic wave train to the large decline in Arctic sea ice since 2007 has been dominated by an anticyclonic anomaly over Greenland and a cyclonic anomaly over northwestern Europe. Tang et al. (2014) implied that reduction in the extent of Arctic sea ice in the summer weakens the upperlevel zonal winds and triggers a polar-shifted jet stream. Therefore, the questions of whether summer UB activity is associated with Arctic sea ice changes, and if so, what the corresponding physical mechanisms are, naturally arise.
Many studies have presented evidence that links summertime circulation anomalies with preceding land surface conditions in mid-latitude regions; for example, Eurasian snow cover (Liu and Yanai, 2002) and soil moisture (SM; Ferranti and Viterbo, 2006; Fischer et al., 2007; Zampieri et al., 2009; Miralles et al., 2014) in spring are thought to excite significant wave trains that are accompanied by intensified UB. These surface condition anomalies are generally determined by precipitation changes, which may result from decreases in autumn Arctic sea ice (Honda et al., 2009; Bader et al., 2011; Liu et al., 2012; Li and Wang, 2014) . Considering these previous findings, this study also focuses on evidence that links Arctic sea ice with changes in land surface conditions that thermodynamically favour the occurrence of summertime UB events.
To address these questions, we compare observations and the results of atmospheric circulation model experiments in the present study to better understand the summertime mid-latitude atmospheric responses to Arctic sea ice changes; further, we identify the potential dynamic and thermodynamic mechanisms. The subsequent sections of the paper are organized as follows. The data sets, methodologies, and numerical model used are described in section 2. The inter-annual variation in UB activity and its relationship with Arctic sea ice are investigated in section 3. In section 4, we explore the associated possible mechanisms. section 5 presents the responses of UB activity to changes in Arctic sea ice based on numerical experiments performed using the CAM5.0 model. A discussion and a summary are provided in the last section.
2 | THE DATA, METHODS, AND NUMERICAL MODEL
| Data
The data sets analysed in this study include (a) the monthly and daily mean geopotential height, wind, and air temperature fields at various levels extracted from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis I (Kalnay et al., 1996) ; (b) the monthly mean Hadley Centre sea ice concentration (SIC) and sea surface temperature (SST) data set (referred to as HadISST; Rayner et al., 2003) ; (c) the monthly mean SM from 1979 to 2013 extracted from the ERA-Interim reanalysis, which has a horizontal resolution of 0.75 × 0.75 and four vertical levels at depths of 7, 21, 100, and 289 cm, respectively (Balsamo et al., 2009) ; and (d) the daily mean NOAA Climate Prediction Center (CPC/NOAA) global land surface precipitation data set, which has a spatial resolution of 0.5 × 0.5 (Xie et al., 2007) .
| UB frequency
To investigate the potential association between the interannual variations in summer UB and the Arctic SIC, the blocking events over the Ural region were identified by Tibaldi and Molteni (1990) , who considered the daily 500-hPa geopotential height (Z500) gradient over a longitudinal extent of 40 -80 E. As suggested by Cheung and Zhou (2015) and Luo et al. (2016a; , four major steps are involved in extracting the blocking events and thus defining the UB frequency index (UBI):
Step 1: The Z500 gradients, northern gradients between (80 N + Δ) and (60 N + Δ) and southern gradients between (60 N + Δ) and (40 N + Δ) at a given longitude are used to determine whether the flow is zonal or meridional; here, Δ is −5 , 0, 5 .
Step 2: A longitude is considered to be blocking if the northern gradients (Z 80
N + Δ)) ≤ −10 gpm/latitude and the southern gradients (Z 60 N + Δ − Z 40 N + Δ )/(60 N + Δ − (40 N + Δ)) ≥ 0 for at least one of the three values of Δ. Considering the characteristic timescale of blocking events, an identified blocking event should have a duration of at least five consecutive days.
Step 3: A UB event is identified when the large-scale circulation condition in step 2 is satisfied, the mean positive height anomaly is centred over 40
-80 E over the lifetime of the event, and the onset date of the event is in the summer (JJA; Luo et al., 2016a) .
Step 4: The UBI is defined as the JJA-mean blocking frequency averaged over 40
-80 E in each summer. Note that, in this study, UB and the UBI refer to the JJA mean; other seasons are not discussed. As we focus on inter-annual variations, the linear trend in the UBI is removed after the blocking event detection is carried out, and the linear trends in the other variables are also removed. The seasonal mean anomalies are given relative to the means for the entire period analysed here. Composite and regression analyses are adopted in the present study to diagnose the association between SIC and the midto high-latitude circulation anomalies. The composite differences and regression coefficients are considered to be robust when they are statistically significant at the 90 and 95% levels, based on two-sided Student's t tests. The effective number of degrees of freedom is calculated following Davis (1976) .
| The Eady growth rate
The Eady growth rate (EGR) is employed as a measure of atmospheric baroclinicity, which reflects the characteristics of basic flow baroclinicity (Lindzen and Farrell, 1980) . The EGR is defined as
where 0.31 is a non-dimensional coefficient; f is the Coriolis parameter; N is the constant Brunt-Vaisala frequency; u is the zonal wind; and Z is the height. Hoskins and Valdes (1990) have indicated that the EGR is properly calculated above the boundary layer, where N is not dominant. Therefore, to avoid poor estimates of the EGR, the EGR of the lower troposphere (700 hPa) is calculated in the present study.
| Synoptic-scale transient eddy activity and eddyvorticity forcing
Following Lau and Holopainen (1984) , the synoptic-scale transient eddy activity (STEA) is estimated using the rootmean-square of the 2-8-day Lanczos bandpass-filtered Z500 (Duchon, 1979) . The synoptic eddy-vorticity forcing is important in maintaining low-frequency flow over the mid-latitudes Ren et al., 2009) . In the present study, the role of synoptic transient eddy-vorticity forcing associated with Arctic sea ice anomalies is investigated. Following Lau and Holopainen (1984) , the synoptic transient eddy-vorticity forcing is represented by the stream function tendency (SFT), which is obtained by solving the Poisson equation:
where V 0 and ζ 0 are the synoptic eddy components of the horizontal wind vector and the relative vorticity, respectively, which are calculated by 2-8-day Lanczos bandpass filtering of the relevant fields. It should be noted that only the SFT associated with the synoptic transient eddy-vorticity fluxes is considered and not the total SFT.
| Numerical model
Version 5.0 of the Community Atmospheric Model (CAM5.0) distributed by NCAR is applied to explore the impacts of Arctic SICs on the inter-annual variations in summer UB activity. CAM5.0, the atmospheric component of the Community Earth System Model (CESM), is coupled to the Community Land Model (CLM); thus, the SICs and SSTs must be prescribed. In this study, each grid cell has dimensions of 1.9 latitude × 2.5 longitude, and the model includes 30 vertical levels; the top level is located at 3.6 hPa. One of the improvements featured in this version of the model is that it displays a realistic seasonal cycle of Arctic clouds, which are essential in reflecting the response of the Arctic to increases in greenhouse gases .
| THE INTER-ANNUAL VARIATIONS IN SUMMER UB AND ITS ASSOCIATION WITH
ARCTIC SEA ICE Figure 1a shows the normalized JJA UBI from 1980 to 2013 determined from the NCEP/NCAR reanalysis. The UBI displays clear inter-annual variability, and no significant trend is noted for this period. Figure 1b displays JJA-mean Z500 anomalies regressed against the UBI. A pronounced midlatitude wave train pattern is observed across the North Atlantic and the Eurasian continent, with positive height anomalies over the North Atlantic and the Ural Mountains and negative height anomalies over the Greenland-Barents Seas and Lake Baikal; these results are consistent with those described by Wu et al. (2013) and Petrie et al. (2015) . The prominent anticyclonic anomaly over the Ural Mountains associated with this wave train may favour the frequent occurrence of summer UB activity. In a vertical cross section of the geopotential height anomalies along 60 N, this wave train exhibits a quasi-barotropic structure and a deep blocking-type ridge over the Ural Mountains (Figure 1c ). In contrast, the opposite features would occur in low-UBI years.
To investigate the association of Arctic SICs with summer UB variation, it is essential to examine whether SIC anomalies are linked to this North Atlantic-Eurasian wave train. Figure 2 shows the Arctic SIC anomalies from the preceding spring to the following summer, regressed against the UBI. During the spring, statistically significant heavy SICs are detected over the Atlantic sector that extends from the Greenland Sea to the Barents Sea, together with light SICs in Baffin Bay ( Figure 2a ). During the following summer, a similar but relatively weak positive anomaly persists in the Barents-Kara Seas ( Figure 2b ). These continuously heavy Arctic SICs over the region from the Norwegian Sea to the Barents Sea could lead to a locally anomalous weak low at 500 hPa; this is mainly due to its cooling effect on air volume, which reduces mid-tropospheric geopotential heights in ways similar to the results in a previous study (Peings and Magnusdottir, 2014) . This anomalous low is along with an anomalous wave train pattern excited remotely over the midhigh latitudes in summer (figure omitted), consistent with the wave train pattern regressed against the UBI illustrated in Figure 1 . According to Alexander et al. (2004) , an increase in the Arctic SIC may cause decreased upwards surface heat fluxes and near-surface cooling. To investigate the heat flux responses to Arctic sea ice variability, we define a spring SIC index (SICI) as the regional average SIC over the Barents Sea (67 -77 N, 10 -56 E), where the anomalous signals are particularly significant. Figure 3 compares the regression anomalies of the surface turbulent heat flux from spring to summer against the JJA UBI and the MAM SICI. The heat flux patterns obtained by regression against the JJA UBI are characterized by negative anomalies over the zonal belt-like regions in proximity to areas of ice expansion, and these anomalies contribute to strong local cooling. Meanwhile, a significantly positive heat flux anomaly emerges over the Ural region in summer (Figure 3a ,b), which may serve as a forcing on the development of UB. As indicated by previous studies, drier soil-induced heat fluxes favour local warming to dry air masses, which decreases convection and increases boundary layer height and the development of upper-air anticyclonic circulation ( Therefore, the statistically significant relationship between the continuous heavy (light) SICs within the Barents Sea from spring to summer and the mid-latitude wave train may provide a linkage to the frequent (rare) occurrence of summer UB activity. In the following sections, we will explore the possible underlying dynamic and thermodynamic mechanisms.
| POSSIBLE PHYSICAL MECHANISMS

| The role of the westerly jet stream
In winter, weakened westerly winds in mid-latitude regions are typically associated with an increase in atmospheric blocking events (Newson, 1973) and slower eastwards progression of Rossby waves in the Northern Hemisphere (Palmén and Newton, 1969) . Recently, Hassanzadeh et al. (2014) and Hassanzadeh and Kuang (2015) have indicated that the reduction in near-surface mid-latitude to polar temperature differences caused by Arctic amplification would increase blocking events by slowing down the mid-latitude westerly wind. Luo et al. (2016a; provided further observational evidence suggesting that losses of sea ice in the Barents-Kara Seas would lead to persistent UB activity through slowing the westerly wind in winter. However, compared to the winter season, the response of summer midlatitude westerly winds to anomalous SIC conditions have received less attention. Thus, we propose the hypothesis that the changes in mid-latitude westerly winds driven by Arctic SICs may increase the probability of UB events in summer. Figure 4 compares the regression anomalies of the JJA mean 500-hPa zonal wind (U500) against the JJA UBI and the MAM SICI. The climatological U500 displays two large positive centres over Eurasian mid to high latitudes: high-latitudes over the Northern Europe-Barents Sea region and mid-latitudes over the Caspian Sea-East Asia region. As the number of UB days increases and the SICs increase, it can be seen that the U500 increases in strength over the former centre but is particularly weak over the latter centre (especially for UB regions) in both patterns (Figure 4a vs. Figure 4d ). Note that Figure 4d reveals a southeastwards shift in the positive anomaly centre relative to that in Figure 4a , which may be due to the MAM SICinduced heat flux anomaly that is restricted over the southern region of the Barents Sea. To some extent, the meridional dipole of U500 stretching across the mid-to highlatitudes provides a background against which blocking events occur and thereby encourages the development or persistence of blocking events over the Ural in which the MAM SICI is defined. Values that significantly exceed the 90 and 95% confidence levels are indicated by green and purple dots, respectively. In the titles, (−1) denotes the preceding season, whereas (0) denotes the present summer changes in zonal winds are largely determined by the localized MTG and eddy-forcing anomalies in the lower troposphere. Given that the distribution of anomalous SICs and the associated subsequent changes in snow cover on the Eurasian continent (Liu et al., 2012) may modulate the polewards temperature gradient, we show in Figure 4b ,e the spatial patterns of the 700-hPa MTG over the middle to high latitudes. The heavy SICs condition corresponds to strong and persistent Arctic cooling over the Barents Sea from spring to summer, which forces the MTG to increase over the regions north of 60 N and south of the northern Barents Sea. A similar southeastwards shift in the positive MTG anomaly is also detected in Figure 4e relative to that in Figure 4b . This result essentially illustrates that the southeastwards movement of the U500 is largely affected by the movement of the MTG. Moreover, the increase in UB-related U500 at high latitudes may also be affected by other factors, such as the SM located south of this highlatitude region (Francis and Vavrus, 2012) ; this will be discussed in the following section. The differential surface thermal condition of the Arctic relative to the mid-latitude regions is the key link between the Arctic sea ice anomalies and circulation patterns and favours the persistence of blocking events in mid-latitude regions.
To clearly display the evolution of the MTG and U500 anomalies from April-June (AMJ) to JJA, Figure 4c ,f show the 3-month evolution of average anomalies for MTG and U500 over high-latitude regions extending northwards from northern Europe to the Barents Sea (60 -77 N, 20 -70 E) and mid-latitude regions over the Ural Mountains (40 -55 N, 40 -80 E). The high-latitude MTG and U500
indices both reveal progressively increasing trends with maximum amplitudes occurring in JJA, whereas the midlatitude U500 index shows decreasing trend. These trends are similar to those identified in previous studies (Butler et al., 2010; Cohen et al., 2013) . These results imply that the MTG increase related to heavy SICs may modulate the midto high-latitude U500s that likely contribute to the increased frequency of UB events in summer. In addition, the previous studies also support this idea: the weaker westerly winds over Eurasian mid-latitudes surrounding the UB regions are associated with increased atmospheric blocking events in the Northern Hemisphere (Barriopedro and Garcia-Herrera, 2006). In this section, we investigate how Arctic SICs affect UB activity by adjusting the synoptic transient eddies in the midlatitude regions. As many studies have reported, upstream eddy-vorticity forcing plays a key role in the establishment of blocking through the advection of low potential vorticity air from the subtropics (Nakamura and Wallace, 1993) . These eddies also tend to maintain blocking events through eddy straining; when eddies propagate along jets and encounter a ridge, they become elongated in the meridional direction and provide vorticity for the blocking (Shutts, 1983) . Thus, we investigate whether heavy (light) SICs drive variations in summer UB frequency by producing changes in synoptic transient eddies.
In Figure 5 , we primarily analyse the climatological distributions of the 700-hPa EGR, STEA and synoptic eddy-vorticity forcing (SFT) at 500 hPa (see section 2) and regression anomalies against the JJA UBI and MAM SICI. The climatological EGR displays two similarly large centres that are collocated with those for U500 and MTG. The increased UB frequency corresponds to an enhanced (reduced) low-level EGR to the south (north) of the region of heavy SICs that is marked as location A (B) in Figure 5a . Another negative centre can also be seen in the regions surrounding the Ural Mountains (location C). This EGR pattern largely resembles the MTG pattern (Figure 4b) , indicating that the MTG and EGR anomalies are closely related. The increased lower tropospheric baroclinicity in location A favours additional transient eddy activity (Fang and Yang, 2016 ). An apparent negative anomaly of STEA is found in regions extending from the East Europe Plateau to the Ural Mountains and positive anomalies extending along the zonal belt from northern Europe to south of the area of heavy SICs; this pattern reflects a northwards displacement relative to climatological conditions (Figure 5b ). This weakened STEA may lead to local intensification of eddy-vorticity forcing (Hoskins et al., 1983) . In Figure 5c , we show the regression anomaly of the 500-hPa SFT against the UBI index, and a rather distinct increase in the SFT can be seen over the East Europe Plateau. This eddy forcing is expected to drive downstream UB events, as suggested by Luo et al. (2016b; which presented evidence indicating that upstream synoptic eddies in Europe influence downstream blocking events. However, the large SFT centre near the Caspian Sea is weakened, which implies a greater impact from upstream forcing than that from localized forcing. To a certain degree, similar responses can also be found for heavy SIC conditions (Figure 5d-f ) . However, when compared with Figure 5a , the positive EGR centre over location A tends to move southeastwards (Figure 5d ), and relatively weaker STEAs and SFTs are also detected over Eurasian mid-latitudes (Figure 5e ,f ), which may also be affected by the same factors that affect the MTG and U500 fields. 
| The thermodynamic effects of Eurasian SM
In addition to direct dynamical processes of the westerly jet stream and STEA, summer UB may also be affected by anomalous Eurasian SM conditions through thermodynamic processes (Ferranti and Viterbo, 2006; Fischer et al., 2007; Zampieri et al., 2009; Miralles et al., 2014) . According to previous studies (Liu et al., 2012; Cohen et al., 2013) , the autumn Arctic SIC retreat may lead to excessive Eurasian snowfall in winter. We thus attempt to identify the corresponding cause-effect relationship in spring.
In Figure 6 , we investigate the possible linkage between European precipitation anomalies in April-June with the spring SICs and summer UB, respectively. This feature implies that the enhanced springtime SIC may cause a deficit in precipitation in East Europe Plateau, i.e., the upstream region of the Ural Mountains, in late spring and early summer that is also related to increased UB frequency. The reduced precipitation is followed by anomalously low SM, integrated in the vertical levels from 0 to 289 cm at the midto high-latitudes in spring; during the summer, stronger signals are visible in over larger areas, as illustrated in Figure 7a ,b. Correspondingly, higher surface sensible heat fluxes occur in the mid-latitude regions ( Figure 7c,d) ; on the other hand, the robust heat flux centre shifts southwards relative to the negative SM centre, as snow cover and frozen soil typically melt faster at lower latitudes. These findings indicate that reduced precipitation in Europe appears to desiccate the underlying soil from AMJ to the following summer and therefore enhances the upwards sensible heat flux over the mid-latitude regions of Europe in summer.
A deeper knowledge of the mechanisms involved in the formation of UB events is necessary to quantify the importance of surface conditions. As noted by Zampieri et al. (2009) , the knowledge of SM feedback is crucial. Next, we examine the possible effects of SM deficits on the East Europe Plateau on the mid-latitude circulation. We first define the previous AMJ season and the JJA-mean SM index (SMI) as the averaged SM anomalies within the region 54 -64 N,
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-60 E (red rectangles in Figure 7a ,b) and calculate their regression with the atmospheric thickness (Z500-Z1000) and the 500-hPa geopotential height. The regression pattern of JJA circulation field with the AMJ SMI reveals a prominent positive height (thickness) anomaly and an anomalous anticyclone over the Ural Mountains, which is associated with a significant wave train that prevails over the mid-to high-latitude regions of the Atlantic-Eurasian continent (Figure 8a,b) . We also find circulation features influenced by the JJA SMI (Figure 8c,d ) are similar to those influenced by the AMJ SMI. The features mentioned above generally resemble the circulation associated with UB activity (Figure 1b) . Therefore, the effects of continuous AMJ-JJA soil conditions on summertime UB are as anticipated: dry soil causes higher heat fluxes and enhanced mid-latitude warming, contributing to the amplification of atmospheric thickness and Z500 over the Ural Mountains. From a physical point of view, the dynamic and thermodynamic effects of Arctic SICs may be synergistic and dependent. In Table 1 , we show the statistical relationship between the normalized historical series of the MAM SICI and the JJA SMI, which indicates a negative correlation coefficient of −0.40. This result suggests that precipitation changes and subsequent changes in SM may also be determined by SIC-induced physical processes. Regression analyses of SM anomalies against the U500 and STEA indices (figures omitted) have validated this hypothesis.
| The combined effects of the Arctic SIC and Eurasian SM
The combined effects of Arctic SICs during the preceding MAM and the simultaneous JJA Eurasian SM on summer UB are further explored in this section using composite analysis. Before displaying the results of this investigation, we examined the relationships among the normalized historical series of the MAM SICI, the JJA SMI, and the JJA UBI in Table 1 (−0.46), both of these correlation coefficients exceed the 95% confidence levels. The above cross-correlation coefficients indicate that the combined influence of anomalies in the MAM SICs and the JJA SM in Eurasia on summer UB events must also be considered, as it may produce an asymmetrical response of mid-latitude circulation patterns. Figure 9 compares the composite circulation differences for different phase combinations of the MAM SIC and JJA SM anomalies for summertime Z500 over the Atlantic-Eurasian regions. First, we define heavy/light SICs and SMs conditions with a criterion of ±0.2 SD for both indices; for significantly heavy/light SICs and SMs conditions, a criterion of ±0.5 SD are utilized. In years that feature heavy SICs in MAM and dry soil in JJA (12 years; Figure 9a ), a significant positive height anomaly is seen in the Ural region and largely projects the spatial pattern that is regressed against the UBI. In contrast, Z500 presents an opposite (negative) anomaly over the Ural Mountains in years that feature light SICs in MAM and wet soil conditions in JJA (11 years; Figure 9b ). Furthermore, in years that feature significantly heavy SICs in MAM and dry soil conditions in JJA (4 years; Figure 9c ) and significantly light SICs in MAM and wet soil conditions in JJA (6 years; Figure 9d ), the Z500 anomalies become especially pronounced, which sheds light on the hypothesis that the combined effects of these features may reinforce the Z500 response. On the other hand, when the changes in the MAM SICs are opposite to those in SMs in JJA (e.g., heavy SICs but wet soil conditions, as occurs in 6 years; Figure 9e ), Z500 exhibits a positive but relatively weak anomaly over the Ural Mountains. For light SICs and dry soil conditions (6 years; Figure 9f ), negative height anomalies appear over the Ural Mountains. This result may imply that heavy SICs and wet SMs seem to offset their individual effects, as well as the light SICs and dry SMs. The response of Z500 is predominantly determined by the changes in Arctic SICs. These analyses suggest the importance of the combined effects of SICs and soil conditions in affecting atmospheric circulation patterns in mid-to high-latitude regions and suggest the aforementioned synergistic dependence between the dynamic and thermodynamic effects of Arctic SICs.
| MODEL SIMULATIONS
| Experimental design
This section describes numerical simulations conducted to assess the large-scale atmospheric responses that occur at mid-to high-latitudes by imposing two different Arctic SIC conditions, specifically heavy and light Arctic SICs, using the CAM5.0 model. The control run is a 60-year simulation with prescribed annually repeating SSTs and SICs, which represents the overall climatology for the 1980-2013 period, and the first 10-year are discarded for spin up. Two perturbation experiments (i.e., the heavy SIC and light SIC experiments) are paired with the control run; these experiments differ only in terms of their SIC and SST boundary conditions. The mid-to high-latitude atmospheric response in the model is estimated as the ensemble mean difference between the heavy SIC and light SIC experiments. Detailed information on the experimental design is provided in Table 2 . Annually repeating cycles of SICs and SSTs are prescribed as the boundary conditions in these runs. In the heavy SIC experiment, the prescribed monthly SIC annual cycle employed in the model is computed using the HadISST data set. The monthly Arctic SICs anomalies during the 1980-2013 period over the region 67 -88 N, 20 W-70 E (shown in Figure 2 ), which are obtained by regression against the JJA UBI index, are added to the prescribed climatology from March to August; similarly, monthly SSTs are changed in regions where the SICs have changed substantially to include the coherent SST effects associated with SIC changes. Based on Peings and Magnusdottir (2014) , if the Arctic SIC anomalies exceed by 10% or more, the SST anomalies obtained by the regression on the JJA UBI are added to the SST climatology of the corresponding month. Thus, only the changes in the SICs and SSTs associated with the SICs changes are considered. Otherwise, Arctic SICs and SSTs from September to the following February are set to the climatological values, which are exactly the same as those in the control simulation. For the light SIC experiments, the polarities of the SIC and SST anomalies are opposite to those seen in the heavy SIC experiments, consistent with light SIC conditions. A large number of ensemble members (50-60 or more) is required to confidently detect the mid-to high-latitude responses to Arctic sea ice changes (Screen et al., 2013a) . In the present study, for each experiment, 50 members were integrated from December 1 to the following August 31 with different atmospheric initial conditions derived from a control run. Similar to Mori et al. (2014) , the 50 initial members were selected from the 50-year mean state of the control run with 6-hr lags (e.g., 00Z01DEC, 06Z01DEC, etc.).
| Model results
To examine the summertime UB response to the forcing produced by anomalous Arctic sea ice conditions, we primarily assess the composite difference in the UBI between the heavy and light SIC experiments. Figure 10 displays a histogram representing UBI values from a 50-member ensemble and the associated anomalous percentage relative to climatological conditions. 30 of the 50 samples reproduce the positive difference in the UBI seen in the observations, and the largest UBI is as high as 4 days, with the anomalous percentage being 250%. On the other hand, 14 samples yield negative differences, and 6 samples reveal insignificant differences. These results indicate that the heavy SIC experiments produce more frequent UB activity than the light SIC experiments, reflecting the appreciable impacts of heavy SICs on the increased UB frequency in summer. In the following test, all 50 samples are utilized to analyse the atmospheric responses to the SIC differences at middle to high latitudes in the model. Figure 11 shows the spatial distribution of the response in geopotential height in summer. A pronounced large-scale wave train in Z500 extends throughout the mid-to high-latitudes of Eurasia (Figure 11a) and is accompanied by a barotropic structure over the Ural Mountains in the vertical section along 60 N (Figure 11b ). These height responses in the model are in agreement in terms of their geographic distribution with the observational results obtained by regression against the UBI index ( Figure 1b,c) ; however, the amplitude of the model response is relatively small. Figure 12 shows the summer large-scale circulation responses for U500, the surface air temperatures and the 700-hPa MTG and their climatology in the control run. During the spring, the positive U500 anomaly is located over the Arctic region and the mid-latitude region that extends from the Black Sea to Balkhash Lake, whereas the negative anomaly is located over northern Russia (Figure 12a ). During summer, the climatological U500 in the control run is able to mimic the two large centres over the Eurasian mid-to high-latitude regions and is on the same order of magnitude as that in the observations. The positive U500 anomaly over the Arctic extends and shifts southwards to northern Russia, and the negative U500 anomaly begins to affect the midlatitude region (Figure 12b ), which agrees exactly with the observations (Figure 4a,d) .
In spring (Figure 12c ), extensive negative surface air temperature anomalies occur over regions extending from the Arctic to the continent; however, these anomalies are centred over the Barents Sea. In the following summer (Figure 12d ), the negative temperature anomalies persist over the Arctic, whereas an apparent warming emerges over the western mid-to high-latitude part of the Eurasian continent. The related low-level MTG increases over the subpolar regions (Figure 12e,f ) , leading to a strengthening of localized U500 from the previous spring to the following summer. The model reproduces the persistent increasing trends of the positive high-latitude MTG and U500 anomalies from AMJ to JJA seen in the observations (Figure 4e,f ) , as well as the continuous deceleration of mid-latitude U500 (Figure 13 ), which may contribute to intense UB activity.
To confirm the role of STEA in affecting the summertime UB, we show the model-simulated 700-hPa EGR, 500-hPa STEA and SFT in Figure 14 . Their climatological distributions resemble those in the observations in terms of their spatial patterns and general order of magnitude. However, the climatological STEA seems to be weaker in highlatitude regions ( Figure 14b) ; this bias may arise from the poor performance of CAM5 when simulating storm tracks . The heavy SICs correspond to a distinctly enhanced EGR to the south of the Barents Sea (location A) and decreased EGRs to the north (location B) and over the Ural Mountains (location C). Location A is essentially the same as that seen in the observations, as determined by regression against the UBI and SICI (Figure 5a,d) . As the EGR increases at location A and decreases at location C, the STEA weakens accordingly over regions extending across eastern Europe and the Ural region ( Figure 14b) . Correspondingly, the intensified STEAvorticity forcing is reproduced over the East Europe Plateau, which may influence the downstream region where most blocking events develop (Figure 14c ). These simulations indicate the dynamic role of SIC-forced STEA in driving the downstream UB in summer, consistent with the observations. Figure 15a highlights the European precipitation response in April-June, which is labelled reduced precipitation over the East Europe Plateau. Such a spatial distribution of precipitation desiccates the underlying soil and leads to continuous heating of the atmosphere over the regions adjacent to the East Europe Plateau-Ural Mountains (Figure 15b ), increases the local atmospheric thickness (Figure 15c ), and thereby contributes to an increased frequency of UB. The model responses described above suggest that the SICs within the Barents Sea have two separate effects on summertime UB activity. The first effect, weakened polewards temperature gradients causes the mid-latitude (high-latitude) zonal wind to slow (intensify); meanwhile, the decreased mid-latitude STEA enhances the vorticity forcing, which may drive downstream influences. The second thermodynamic effect, reductions in precipitation causes the soil to dry continuously and leads to heating of the atmosphere. Both of these effects likely favour the rise of Z500 over the Ural Mountains and thus the increased frequency of UB events. This study provides evidence of a possible causal link between changes in Arctic sea ice and the large-scale midlatitude atmospheric circulation in summer, especially the UB frequency. We find that the summertime UB-related wave train differs from its wintertime counterpart in several ways (Wang et al., 2010; Cheung and Zhou, 2015) . The former appears to be more zonally oriented and constrains the blocking ridge over the Ural Mountains, whereas the latter is more meridionally oriented, and its blocking ridge extends northwards to the Arctic (figure omitted).
In our study, although the model response of geopotential height appears to explain a large fraction of the variability seen in the reanalysis, some discrepancies and uncertainties still exist, which can be difficult to disentangle from internal variability (Deser et al., 2010; Screen et al., 2013a; 2013b) . Previous studies have argued that, in winter, the mid-latitude responses to changes in Arctic sea ice are relatively small when compared to the influence of internal variability (e.g., Screen et al., 2013a; 2013b; Sun et al., 2016b) , whereas those that occur in summer are reasonably large (Petrie et al., 2015) . Here, we investigate the role of internal variability in the summertime UB responses to anomalous Arctic SIC in both the reanalysis output and the simulation results by calculating their standard deviations (figure omitted). These two patterns both show zonal beltlike structures with large values over the polar and subpolar jet stream regions and small values at lower latitudes. On the one hand, the internal variability resembles the spatial pattern and amplitude between the observations and simulations over vast regions of the mid-latitudes, although the model response to the east of Ural Mountains seems relatively small. On the other hand, the amplitudes of the circulation response over the Ural Mountains in both the observations and simulations are mostly equal to their standard deviations. These analyses imply that the uncertainties in the reanalysis and the simulations may be partly due to internal variability; thus, the effects of the internal variability of the atmosphere must not be neglected when we explore the possible impacts of Arctic sea ice on mid-latitude circulation.
In addition, as noted by Mori et al. (2014) , whether a robust response of atmospheric circulation to Arctic sea ice could be identified was strongly controlled by the ensemble size. Here, we explore the dependence of the simulated response of the summer UBI to Arctic sea ice on the number of ensemble members. We calculate the probability distribution functions (PDFs) of the UBI in the varying ensembles sizes drawn from the heavy and light SIC experiments (figure omitted) . The PDFs of the UBI responses demonstrate that greater numbers of UB events occur in the heavy SIC experiment, and the PDFs narrow as the ensemble size increases gradually from 10 to 50 members. This result indicates that larger ensembles help to reduce the uncertainties arising from the internal variability of the atmosphere. Moreover, the model-simulated UBI response to Arctic sea ice may also be hampered by several other factors. North Atlantic SSTs and the North Atlantic Oscillation should also be considered as factors that may influence the inter-annual variability of summer UB (e.g., Li and Ji, 2001; Li, 2004; Wu et al., 2009b; Zuo et al., 2013; Luo et al., 2016a) . Therefore, achieving a comprehensive understanding of variations in UB frequency in our further studies will require the consideration of multiple external forcings and the internal variability of the atmosphere.
| Conclusion
The analyses of observations and the numerical simulations using the CAM5.0 model presented in this study support the importance of two mechanisms, dynamic and thermodynamic processes, by which spring-summer Arctic sea ice conditions may influence the inter-annual variations in UB frequency in summer. We find that heavy (light) SICs within the Barents Sea display a statistically significant correlation with increased (decreased) UB frequency in summer, due to a mid-latitude wave train extending over Eurasia. Related to high UB frequency, the presence of exaggerated SICs tends to increase the low-level MTG towards the south which increases zonal winds over the high-latitude regions, and decreases it towards regions surrounding the Ural Mountains which produces slower zonal winds over the mid-latitude regions. Hassanzadeh et al. (2014) also agreed that a smaller temperature difference from mid-latitudes to the poles over Eurasia favored the slowing down of mid-latitude zonal winds. The north-south meandering of the jet stream results in the decreased progression of weather systems, which increased the likelihood of UB events. Moreover, the heavy SICs enhances the lower-tropospheric baroclinicity represented by EGR in high-latitude regions and weakens it in mid-latitude regions, facilitating a reduction in STEA that extends from eastern Europe to the Ural Mountains. A related, intense transient eddy-vorticity forcing emerges over the East Europe Plateau, which may increase the probability for more frequent summertime UB events in the downstream regions (Luo et al., 2016b; . Based on these analyses, we may conclude that heavy Arctic SICs over the Barents Sea have decelerated the U500 and weakened the STEA over Eurasian mid-latitude regions, which led to the stagnation of UB. It should be noted that heavy SIC-forced U500 and STEA anomalies at high-latitudes tend to shift southeastwards relative to those associated with the frequent UB events. This is because Arctic SIC-induced heat flux anomalies are spatially restricted over southern Barents Sea, which inhibits the northwards expansion of increased U500. Therefore, a comprehensive understanding of UB-related circulation anomalies at high latitudes is necessary to consider the combined impacts of SIC and SM. From a thermodynamic way, the increase in SICs within the Barents Sea leads to reductions in precipitation over the East Europe Plateau in spring. The possible linkage is hypothesized to be caused by anomalously heavy SIC-driven circulation anomalies and insufficient water vapour released from the frozen ocean, as suggested by Liu et al. (2012) , which presents such a relationship during autumn. The associated physical mechanisms responsible for this statistical linkage should also be extensively explored in future studies. The deficiency of precipitation subsequently produces dry soil conditions in the following summer and increases the transfer of additional energy from the soil into the midlatitude atmosphere, leading to amplified atmospheric thickness and to the development of upper-air anticyclonic circulation over the Ural Mountains (Ferranti and Viterbo, 2006 ; The simulated composite differences in (a) the MAM surface heat flux, (b) the April-June Eurasian precipitation, and (c) the low-middle tropospheric thickness (Z500-Z1000) between the heavy and light SIC experiments. Values that significantly exceed the 90 and 95% confidence levels are indicated by green and purple dots, respectively Zampieri et al., 2009) . Our results elucidate the thermodynamic role of SM anomalies that are forced by heavy SICs in frequently occurring summer UB events. On the other hand, light SIC conditions would exert the opposite dynamic and thermodynamic effects on the variations in the summertime UB frequency. As stated above, from a physical point of view, the dynamic and thermodynamic effects of Arctic SICs are statistically and dynamically dependent. To assess the combined effects of the Arctic SICs and Eurasian SMs on the mid-latitude circulation, composite analyses are subsequently applied to corresponding time series. Heavy SICs in MAM and dry soil conditions in JJA tend to drive a significant anticyclonic anomaly over the Ural Mountains, whereas light SICs and wet soil conditions in JJA lead to a cyclonic anomaly. The combined effects of the Arctic SICs and Eurasian SMs reinforce their influence on the presence of a blocking ridge over the Ural Mountains in summer. These statistical analyses provide preliminary evidence for the combined effects of Arctic SICs and soil SMs, and a systematic research plan for the corresponding mechanism should be carried out in future studies. Such efforts will help improve our understanding of the combined impact of multiple external forcings on the summertime climate in Eurasian mid-to high-latitude regions.
